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PREFACE

Large and small calibre guns have long been important tools of
warfare and still are. A detailed understanding of the gas dynamics
in a discharged gun could be of great help in the design of new guns,
shells or charges. Such knowledge is also important to efforts to
suppress or detect gun smoke, gun flash, and gun blast. The work re-
ported on in this memorandum was prompted by a need for quantitative
data on temperatures and densities in the gun exhaust pertinent to de-
tection vy radar or infrared scanning devices. Dr., William G. McMillan
first directed our attention to this problem, and we are further in-
debted te him for suggesting sources for experimental data.

The methods are developed here for interior ballistics. Calcula-
tions of this sort are capable of modeling gun performance well enough
to be an important supplement to empirical gun tests and charge firing
trials. In addition, some understanding of gun flash, blast, and smoke
have been gained by extensions of these methods.

We are greatly indebted to the personnel of the U.S5. Naval Weapons
Laboratory, Dahlgren, Virginia (principally Dave Bowen, with the coop-
eracion of Frank Kasdorf) for the ccllection and interpretation of gun
characteristics and firing sequence data used for inputs to and compari-
son with our calculations.

Helpful discussions with Alan Shapiro here at Rand are also ac-
knowledged as is the prior interest in this subject by Jack Craig. We
would also like to thank Wakichi Asano for his valuable programming
assistance,

This work represents a progress report, since the authors can
foresee further investigations of charge characteristics, energy losses
in the barrel, and other non-ideal eftects, as well as a more detailed
hydrodynamical model of the smoke and flash. Expressions of interest
in such extensions and criticisms of the work presented here are wel-
comed,
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SUMMARY

This paper considers the gas dynamics of various large naval
guns, including the interior ballistics (charge burning, propellant
gas expansion and shell acceleration) and the nature of the gas expan-
sion and air shock beyond the muzzle. Solutions are accomplished by
a numerical program which integrates the partial differential equations
appropriate to tie gas dynamics in one space dimension, The equations
of state for the gas and the air are treated in some detail, as is the
nature of the charge burn, the barrcl friction, and the shell inertia.
The dynamics of the partially burned charge gases which sometimes
flash burn after ejection from the muzzle are treated within the limits
of expansion into various conical geometrics. Comparisons are made
with observations of both the interior ballistics and of the smoke,

flash and blast from the exhaust.
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1. INTRODUCTION

This paper introduces aun accurate numerical method for obtaining
the hydrodynamic propec-ties associated with the propellant gas as it
moves Jown a gun barrel and exhausts to the air. Previous analytical
solutions to this problem have found it necersary to make a number of
simplifying assumptions and approximations, some of which limi: the
&ccuracy and range of applicability of the results. Even the very

recent treatment of high speed guns by A. E. Seigal(l)

takes no account
of the nature of the prcpellant and simply assumes that it burns in-
stantly into an ideal gas with constant specific heat. Further, Seigal
assumes that the shell moves without any frictional or heat lossws.

By far the most extensive treatment of interior ballistics is by

(2)

J. Corner. He summarizes all important work in the field bef.re
1950. The "isothermal” sclution is the simplest and it assumes that
the propellant burns according to a specifi~d law into a gas which ex-
pands isothermaliy during burning with a constant specific heat ratio
which {s increased from that of an ideal gas to account for heat losses.
The shell mass is increased to accoun: fer frictional res‘stanca.

Geaerally, in Corner's theory, in order to arrive at the currect
peak breech pressure, muzzle velocity, pressure-time history, and shell
ejection time for a given gun, the solution is made to cepend on three
propellant parameters, the burning law, the total energy relessed, and
the rate of burning. Corner describes a more detailed solution which
takes account of the temperature dependence of the gas and includes a
number of other small corrections. It leuds to very complicated ana-
lytical expressfons which depend basically on a propellant burning law
parameter and a burning rat¢ narameter. Corner shows a few cases where
good agreement with experimental -»'ues can be obtained b+ proper ad-
Justmeat of the parameters. Each gun . :st be treated separately and
the solutfon is very sensitive tc the varfous -djusted parameters.

The treatme: : 2 present here takes good accocnt of many of the
fa-tors in the problem uwiich previnusiv siffered from c¢'=rlifvinp
assugptivaus. Using a full partial differentfal formulation ot (he gpas

dynamics simplifies surrz ‘actors vhich have onlv a miner effect o ihe

PRECEDING PAGE BLANA




results and reduces interior ballistic problems to a single free param-
eter, namely the propellant burning rate. Tils parameter i{s obtaine’
for one gun by fitting to expevimental data and the solution for peak
chamber pressure, muzzle velocity, pressure-time hi{story, and shell
ejection time is then shown to be accurate to the order of ten percent
for several differe.t guns.

Previous descriptions of gun flash and smoke have almost entirely
been qualitative in nature and no rigorous mathematical treatment f{s
known to exist. The hydrodynamical solution which we present, while
limited in its thoroughness by a number of simplifying assumptions,
dces reproduce quantitatively a number of properties observed in actuai
guns, such as, the press3ure a3 a function of time and distance from

the muzzle and the shock reheating of the gas cutside of the gun.




11, INTERIOR BALLISTICS

In the results presented 'ere are examples for six difterent
naval puns raming in size from 5"/35 caliber to 16'"/5) caliber, The
physical charucteristics of these puns are listed in Table 1.(5) The
table includes such parameters as chamber volume, propellant weight,
shell weixht, and shell :ravel distance. All the propellants used in
tiese yuns are essentially identical, They consist of roughly 90/
nitrocellulose, 2-3/ butyl stearate, li ethyl centralite, 14 lcad
carbonate, 1% potassium sulphate, 3% volatiles, and 1-2/ moisturz.
They come in the form of cylirdrical .rain roughly of diameter do
and length . = 2d,, with roughly six web perforations of diameter
wp::.ldo. Values for these quantities are also given ir Table 1.

In this analysis ot interior ballistics, we have made the follow-
ing simplifying assumpiions: (1) each yun is unworn so that no uas
leaks between the shell and thc barrel; (2) the only losses iu the
systea are frictional in nature; (3) the press- re drop needed to over-
come the "skin friction" of the barrel in moving the zas down the
barrel is nexligible; (4) gun recoil and the enerygy expended in shell
rotation are negligible; (5) the chamber can be replaced by a ¢ylin-
drical contiruation of the barrel with the same total volume; and (b)
the propellant yrain distributes irself uniforml: hetween tue breech
and shell during its burning. These assumptions can ve shown to Ye
consistent with the general accuracy of our method.(L) Other conditions

necessary in formulating the solution are discu:sed below.

MATHEMATICAL FORMULATION

The equations which describe the interior bailistics part of the
calculatfon are on -dimensfonal since the cross section is assumed to
be uniform along the length of the gun. The equation ¢f motion (n

Lagrangian form is

2l ey

At Am th

X(x,t) .
where u = u(x,t) = ?——g‘t—‘—)- 5 the velrcity uof

the fas in meters, milli-
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secoud; X(x,t) is the Eulerian coc.dinate which gives the position,

at time t, of a gas element that was initially at position x, the
Lagrangian coordinate; m = m(x,t) = f p(x,t)dx is the mass of the

gas in megagrams/metgr ; p = p(x,t) is the density in megagrams/meterB;
P = P(x,t) is the pressure in Jerks/meter3 (1 jerk = 1016 ergs or

1 jerk/meter3 = 104 bars), and

c (Am) 2

v 3V
= SD SA IcA =<0
Q = Q(x,t) | 3¢ | T | for 3 < (2)
. oV
and = 0 for St >0,
. - . . (5,6)
is an artificial viscosity pressure introduced to remove mathe-

matical discontinuities which would otherwise occur whenever compres-
sions lead to shock waves in the gas. Typical values appropriate to
this problem are C1 = 6,0 and C2 = 0,5, Om is a mass element and3

= V(x,t) = 1/p(x,t) is the specific volume of the gas in meters™/
mezagram,

The equation of energy comservation is

-+ T +neD &)
where E = E(x,t) is the internal energy density of the gas in jerks/
megagram and B(?,f) is a source term which represents the rate at
wihich energy is being added to the gas by the burning of the propellant.
B can be written as a functien of pressure (P) and of the fraction of

) (7)

propellant already burned (f).
For mec+ propellants the burn rate in energy per unit time (Bt)
1s known to be directly proportional to the exposed propellant surface

area (S) and the gas pressure on the propellant (P) . or
Bt = cSP (4)

where ¢ is a constant. This relationship has been verified for nitro-

8
cellulose,( ) although at pressures near atmospheric P should be

replaced by a + bP, where a and b are constants,




For the cylindrical grain described earlier, neglecting the burn-

ing of the ends and the webbing as a first approximation, we can write
S as a function of f and other known constants., For the fraction of

total propellant burned as a function of time we can write

2 2
£-ge) =1- 2L, d@ ()
ﬂdo.ﬂ/‘f dO

Now we assume that the propellant of total weight wprop consists of n

grains each of weight wn and density P » 80

- - 2
wprop =nW =np V =np Td, t/4 (6)
and
4 W d
S = nSn = nndd = —-—25%2- (7)
p,do
so, using Eq. (5),
4w ro d 4w r 1/2
B, =c—E% p- o —PLOR (y y P (8)
t 2 p d
pndo n©

Thus we can write B(P,f) in energy per unit mass per unit time as

B(P,f) = s (1-6)1/2 p 9)

oW
where 8 = ¢ __gzgz.%_ = 01 m“/Mg-ms/d,. The numerical value .0l has
[ ]

been estimated,nindependenc of wprop and e from burning rate data(a)
and then modified to give a better fit to the experimental data, as will
be discussed later. Also, we assume our nitrocellulose propel.ant has
a calorific value, Eprop x 1000 cal/gm = 4.2 jerka/Mg.(g)

The equation of motion of the shell is obtained by using the ve-
locity and pressure of the gas at the shell boundary as it moves down

the barrel:
du(x . ,t)
sh'
Hen ™ dt P(xgyst) A - F

where A is the cross sectional ares of the barrel and Ffr assumes that

fr (10)




all the energy lost in the motion of the shell is caused by a friction-
al force acting between the shell and the barrel which is directly
proportional to the pressure on the shell (appropriate for a fluid on
a deforming plastic seal or metal shell):

Fo = fr « P(x,,t) A (11

Eq. (10) can be rewritten as follows:

%% - %ﬂ_ (1 - fr) = ﬁé_ (12)
sh eff
M
_ _sh _ fr
vhere Mogr = Tt~ Mon * Mon Tore

The fraction of kinetic energy of the shell going into frictional
energy loss is thus fr/(l-fr), Corner suggests that this fraction is
roughly twenty percent.(lo)

Other models for the dissipative force were tried but seemed to
be much poorer in terms of physical soundness and resultant solutions.
One such alternate scheme assumed the frictional force, Eq. (1ll), was
a constant and another subtracted energy from Eq. (3) as a function of
the kinetic energy of the shell.

In an effort to derive an appropriate caloric equation of state
for nitrocellulose we have relied on the similarities obvious in the
Chapman-Jouguet adiabatics ifor other explosives,(ll)as we were unable
to find any experimental detonation data for nitrocellulose. In Fig-
ure 1 we have plotted Y- 1 vs p for TNT with loading density Po =

3 a2 and for Pentolite with p, = 1.65 gn/cm3. (13) By fitting

1.50 gm/cm
a smooth curve to this data in the region of interest, namcly, p <

.5 gn/cma, we obtain

09 + 22

Y (p)-1 m-—j——ﬁ— (13)
.3 + p

Nitrocellulose propellant generally has a loading dei..iLy e = .7

3
gm/cm”. This lower initial density prompted a somewhat arbitrary

L

e oot T
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modification to the fit:

2
Y (o)1 = 2220 (14)
S +p

using the fact that the value of Y{p)-1l in the high deasity limit

(p>>1 gm/cm3) has been shown to be linearly related toc loading density.
1]

The formulation of this result by Miller,( ')based on explosives, shows

that we can write

Y(m) -1 =

W=

+ G po/pc (15)

where py is the loading density of the explosive, Pe is its crystalline
density, and G is a constant determined by the Morse atomic parameters
associated with each of the elements composing the explosive. An
independent determination by Fickett and wood,(ls)using various thermo-
dynamic relationships, along with experimental data on the thermal
equation of state and detonation velocity for various explosives, leuds
tc empirical results for Y(«)-1 similar to Eq. (15). The transition
from the high density region to the low density region of the gas is
obtained by using Eq. (14).

Thus our caloric equation of state is

09 +
Jd+p

2
P = Eply(p)-1) ~ Ep ( ) (16)

For low densities, p<<.l gm/cm3, Eq. (16) describes an ideal gas of
Y= 1.30. The effect on the results of varying the density dejendence
of y(p)-1 has been investigated and is reviewed in the Results and
Discussion Section.

The thermodynamic description of the gas is completed by using a
thermal equation of state of the form

T = (WR) (P/o) / (1 + B(:)) 17)

where R {s the Rydberg gas constant, M is the average molecular weight

 ietant g o K
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of the propellant gas (about 30 gm/mole), and B(p) is a "covolume"

(16, 17):0 the ideal gas law, which is roughly linear in

correction
density and about 1,-2. at p = ,5 gm/cm3, depending on the exact form

of the correction used.

NUMERICAL SOLUTION

A solution for the hydrodynamic functions in this problem results
from numerical integration of the two equations of motion, Egqs. (1)
and (12), the energy equation, Eq. (3), and the caloric equation of
state, Eq. (16). These can be written in difference equation form as
follows:

nt1/2 _ n-1/2 & n a-1/2 o012y (18)
| Y3 - oy [Pj+1/2 j 2 Yuay2 - Ylyy2d
u?+:£: - u?-:ii + ﬁf; p? ay (176D (19)

n+l gl n+l/2
Eyor2 = Byoy2 - [Z(Pj 2t Byt Q. Nty (Vn+1/2 3-1/2)

RZ: (20)

n i
ts P1/2 a- [(g-1£1/2)/sprop

m—l n+l m»l
Pi1/2 " B2 Pyl (.09 + (pj 1/2) 2.3 + (pj 1/2) 21 @

with

xn+1 - X0 um-l/Z Atn+1./2 22)

3 3t Y
)2 <V"*

o2 L V7 12 " 1/2)
y-1/2 n+1/2 3
(vn+1/z + V?-llz)(A‘

e B A1 | ViV |

n+1 v n+l1/2 23
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xn+1 - xttl
n+l n ntl -1
for Vj_”2 < vj-1/2' with vj-1/2 " (24)
4-1/2
wheren 2 1 and 1 £ j £ § max. The mass elements 4m are fixed

j-1/2
initially and remain unchanged throughout the solution. Notice that

in writing the source term of Eq. (20) we have used the pressure and
energy density of the breech. The pressure and energy density are not
actually uniform throughout the gas, but as discussed later, these
approximations have a negligible effect on the results.

Unit increments in the superscript n represent step-wise incre-
ments in time and unit increments in the subscript j represent finite
increments in the mass, corresponding to a spatial zone, where j = 1
is the zone at the beg inning of the chamber and j = jmax is the zone
adjacent to the shell. The integration is performad by advancing in
time (n) with the step size determined by stability conditions which
depend on the local sound speed in the gas and the artificial viscos-
ity.(la) Then for each step in time, we obtain a complete hydrodyna-
mical description of the propellant gas by advancing in mass zone from
J=1ltoj = jnax' These equations yield a self-consistent solution
for u, E, o, P as functions of time and position, with T determined
independertly from p and P.

By using the loading density and an initial energy density of
the propellant assuming atmospheric temperature, we specify gas condi-
tions in the chamber. The constants fr, which determines the effect-
ive mass of the shell, Eprop' the energy/uass released from the pro-
pellant, and 8, the rate of propellant burning must also be specified.
From previous discussion, we know fr = [2, Eprop = 4,2 jerks/Mg, and
s = .01/d,. These values are used initially and then modified to ob-
tain the best possible results. The effect of varying these parameters
is discussed in the results.

RESULTS AND DISCUSSION

In Table 2 we present for each of the six gune which we have

studied the best fit values for the three quantities, L the shell
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muzzle velocity, Pmax' the peak breech pressure and 1

ey’ the shell
ejection time, along with the corresponding experimeatal values. In
Figure 2, wve present calculated and experimental pressure-time curves
for the 5"/54 gun. All solutions were obtained using fr = 0, and
Egrop - 4.5. We used s = 1.48 for the 5"/54 gun and then computed

sl = .Olldd as an estimate for the other guns. The actual value of

s used along with s1 are shown in Table 2. The results show agree-
ment between the best fit values and experimental values to be better
than % in most cases and better than 10% in all cases.

In Table 3 we present a summary of the efficiency of guns. Tirnre
are two standard measures of efficiency. The first is called 'piezc-
metric efficiency” and is defined as the average pressure necessary (o
accelerate the shell to the observed muzzle velocity divided by the
peak breech pressure. We compute the average pressure P as follows

from Eq. (13), with fr = 0,

2
Pa=M. a=n (muz) (25)
sh sh 2R
tot
/ s ]
1i/2 M o
or P -*-~—§b zuz 26)
AR
tot

vhere R is the combined chamber length, Lch' and shell travel length,

tot (19)
Lttav' Piezometric efficiencies are usually abrut 4 - |5,

from Table } that the efficiencies for these guns are somewvhat lower

We sae

than this.

The second measure is "ba'listic efficiency,” and is defined as
the ratio of the kinetic energy of the shell at muzzle velccity to
the energy of the propellant. We shall calculate this efficiency in
two ways: first we shall use the full energy/mass of tie propellant,
= 4.2 jerks/Mg, and second we shall use the energv/mass actually

E
prop

burned st the time of siuvt vjection, E (-
prop e}

), ate shown in Table 3. The tvrnical bal-

Y. Both these efficfency

values along with E T
& prop ¢ i

listic efficiency of 130 lies roughly between our tvo sets of cal-

culsted values. The maximum possible ballistic e¢fficiency for these
Rung, obtained 1f the charge {s completely turned before the shot moves

Q
sppreciably, can be shown to be roughly 1!2.(1 )




Breech pressure, P (kilobars)

= = == Calculated

Experimental

[ I L

(=]
L.
-
-

2 4 6 8 10 12

Time, t irs}

Fig.2— Pressure-time history for 5"/54 gun




-15-

90%° oy 292 4 Lze: 05/.91
gve” T6€° 6L2° 0°¢ Zy%0° (91 Nam)ss /.8
4 9 61¢€C"° %A Z°¢ 69%0° (1 ANaATRICS /.8
Lon* 91%° 8€C° ©°2 1L10° 1%/.9
15€° AL N L %A L°z S%600° 95 /uS
119 11" L r A 4 29L00° RE/0S

doad doad (sx28()

Aﬂﬂ._-v 3 3 Aw:\ﬂvma@ﬁv NJEB ys \ﬂ
Aoueyot333 gupen z KT
doad

O}139WOZITJ ASuUdT21333 O1ISTITRY (fou) K| A319u3 d>13IRUTYN T1WYS uny

SJTIONTIDOILIA DILSITIVH

t 9Iqel




-16-

In order to interpret the significzzace of these results, we must
discuss the changes caused by varying the parameters in the problem.
These changes were obtzined by kezping fixed all parameters but the one
whore affect we are studying, and then obtaining solutions for several
values of this parameter. Changing fr from .0 to .25 decreases Yz
by less than 4% and increases Pmax by about 25%, with the changes in
Uz and Pmax roughly linear with the changes of fr. Changing Eprop
from 4.2 to 3.0 jerks/Mg wilihout changing s, decreases Uz by about
3% and increases Pmax about 17. One reason that this change has so
little erfect is that for Eprop = 4,2 jerks/Mg the propellant is only

abeut 60-75% burned at «_,, and lowering the value of Eprop to 3.0

e}
Jerks/Mg eimply increases the fraction of propellant burned at Tej.
Lowering E still further would then begin lowering u and P
prop muz max

quite strongly. The fact that the nitrocellulose propellant we have

vsed is caly partially burned at T indicates that it most likely has

a calorific valuz less tharn 1000 cai/gm. Modifying the form of v(; )-1
from Eq. (14) so that it goes from the minimem of .3 at low density to
a maximum which is 1.2, Iincreases Uz by about 10% and Pmax by about
20%. The shape of pressure-time history is somewhat less sensitive to
changes in y(p)-1 but if the maximum valuc is raisaed significantly
above 1.0, the peak in the curve occurs sooner than 1/3 Tej and 1if the
maximum value is much lower than 1.0, then the peak occurs at roughly
1/2 Tej' The results are fairly dependent on y(p)-1 but we have chosen
an =xpression which we believe to be most accurate.

Afrer we have established values for fr, Ep*op’ and v(p)-1, as dis-
cussed earlier, che quantitv s is our only variable parameter. We study
the effect its variatiou has on Uiz and Pmax for each of the guns.
Using tihe fixed conditions fr = 0. and Eprop = 4.2, with y(p) given by
Eq. (14) and with B(P,f) given by Eq. (9), a curve of u gz Versus s is
shown in Figure 3 and a curve of Pmax versus s 1s shown in Flgure 4.

Combining Figure 3 and Figure 4 and plotting peak breech pressure
versus muzzle velocity in Figure 5 it is seen that as the burn rate
increases the pressure rises nuch more rapidly than the velocity. This
reflects the fact that as the burn rate increas:s the pressure builds
up faster to a larger peak value, while the amount of energy put into

the gas approaches the total energy in the charge.
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We have also investigated using burning laws cf the form B(P,f) =
s P*(1-f7) where .8 <a < .1 and 2 £y £ 10 and have found that Uiuz
and Pmax are not particularly sensitive to a and y as long as 8 is ad-
justed to keep the burning rate roughly the same. As mentioned earlier,
we have also made calculations using individual zone pressure and energy
instead of breech pressure and energy, and these yield the same results
as long as s is adjusted slightly to keep the overall burning rate the
same. In addition we have investigated burning the propellant accord-
ing to Eq. (10) only in the chamber part of the gun. We have found that
for a fixed value of s, burning only in the chamber vs. burning all the
way between the breech and the shell leaves Pmax approximately the same
and decreases 4z by about 10%.

As a further study on the nature of the burning, we have initially
ignited only the first 20% of the propellant. This is done by setting
the inftial energy density of all but the first 207 equal to zero amd
then letting the hydrodynamical calculations propagate the ignited gas
down through the remaining propellant. The result of this 1s to create
shock waves in the gas which propagute between the shell and the breech.
The magnitude and time dependence of the resultant oscillations in breech
pressure Jepends critically on the fraction of propellant initially ig-
nited and also on the burning law for the remaining propeliant. We be-
lieve that this inftial burning process thus accounts for the oscilla-
tions which are observed in the actual pressure-time histories. However,
since we do not know the precise experimental details of the ignition
process, we have retained the original assumption of uniform burning as
a good first-order approximation, consistent with accuracy of our other
assumptions.

As 4 final stud: we have investigated the effects of mass ablation
and turbulant heat transfer on our results. These energy loss effects
are treated independentlv of the frictional losses and require modifi-
cation of the equations of motion and energy. In the Appendix we give
a detailed description of the new equations and show that the results

are only slightly affected by the changes.




IIT, FLASH AND SMOKE

We now treat the propellant gas as it exite from the muzzle. The
gas composition is such that it usually forms a combustible mixture

with the surrounding air and a momentary flash of bright light results ‘

from a shock-initiated burn. Based on our survey of available experi-

) (20)

mental data and on previoua studies, the flash phenomenon can
be divided into basically three regioner. The first two regions are
muzzle glow, a small region of low lunirosity at the muzzle, and the
primary flash, a high~luminosity regior which is separated from the
muzzle glow by a dark region. Thes~ regions are ususlly discernible
only for small guns. For the large guns which we are considering, the
third region, or secondary flash, is a highly luminous continuation of
the primary flash and occupies most of the gas volume.

The cause of the flash phenomenon has been explained qualitatively.
Basically, the gas expands and cools very rapidly upon leaving the
muzzle, and consequently the luminosity diminishes and the dark region
results. This gas is then recompressed through a decelerating shock,
wvhich raises the temperature b-:k up to roughly the muzzle temperature
and forms the luminous primary flash which is relatively small and
usually lasts for a few milliseconds. In the meantime air has mixed

with the unburned hydrogen and carbon monoxide in the muzzle gas, form-

. ing a combustible mixture. The exact composition of the muzzle gas is .
highly dependent on such parameters as the initial loading density of
the propellant and the final density of the gas.(lz) besides being

dependent cn the original propellant composition. 1f the temperature

of the Tecompressed gas is above the ignition temperature of the com-
bustible mixture or if a plece of burning propellant penetrates the pes
cloud, then it will buiu and fora the large secondary flash. The vccur-
rence of flash is cften inhibited by the presence of certain subs‘ances,
such as potassium sulphate, which act as suppressants. If the unburned
propellant gas {s only partially ignited or not fgnited at all, then

it appears as smoke outside of the gun.

In order to form a hydrodvnamical moJe! of the flash phenomencn

wve vill make a number of assumptions which simplify the calculations:

L o e g
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(1) the muzzle gas emerges into a radially symmetric conical section,
which 18 initially a full hemisphere and then steadily decreases to a
very narrow angle cone; (2) the emerging muzzle gas displaces the
surrounding air and no explicit account is taken of any mixing between
the two; (3) the unburned propellant remains uniformly mixed throughout
the cas, but the chemical composition of the gas itself is not deter-
mined or used in the calculations; (4) the emerging propellant gas

obeys Eq. (14) and the surrounding air is treated as an ideal diatomic
gas of specific heat ratio y = 1.4. Although these assumptions are
quite restrictive, we still expect to gain certain quantitative informa-

tion about the nature of the flash phenomenon.




—

MATHEMATICAL FORMULATION

The numerical solution now separates into two parts, The interior
ballistics are still governed by the previously described equations of
motion and caloric equation of state. For the expansion into air we

have the equation of motion

Q. g,;; P +Qp) (27)

where r, the radial distance ‘rom the muzzle, now replaces X, the
linear distance vsed in Eq. (1), M‘F = %Ffotp(r,t)rzdr = l;_g-g P r3 is
the total mass in an Fth ¢f a sphere where F < 1, m, = HFllnr = %P
3 . . 2

r 1s corresponding mass per steradian. We can write F = sin 3

where 0 is the angle between the axis and the boundary defining the
cone into which the gas is expanding, and QF is the modified artificial

viscosity
¢ 2
Q, = Q.(r,t) =CL——)—lav '2+C4A%|§!|for%! <0
F F'° A ot Z ' 3t t
Vr Vr
. (28)
where C3 and CI; are constants and Amr is a mass element,
The energy equation outside the gun becomes
E \'l
S-- e G + R (29)

where SR is a source term which represents the burning of the gas.
We shall arbitrarily assume that SR can be writtern as a function of

gas temperature T in a form similar to Eq. (9),
SR = o1 - £l (30)

where ¢ is a constant which will be adjusted so that the gas will be
completely burned about 10 milliseconds after firs: exiting from the
muzzle. T is obtained by using the thermal equation of state, Eq. (17),

which reduces to the ideal gas law at the low densities outside ol
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the gun., The air surrounding the gas does not burn and so we set
SR = 0, in that region.

The caloric equation of state for the gas is givan by Eq. {16)
and the equation for air is

P = .4Ep (31)

The approximation of air as an ideal gas is valid for the relatively

low temperatures and densities which occur in the flash region.




NUMERICAL SOLUTION

)

We can now write Eq. (27) to (31) in difference equation form

z
A"
ml/2 n-1/2 ron n n-1/2 n-1/2
u = u - LP =P .+ Q - 1 32
i j 'ZG;;J" wuz TNt %, Q’3-1/z
n+1 1 n+l/2 m+l n
Eyovz = By -Gl e Py ¥ % Va2 T Vi)
n
Slj-1/2 &t (33)
Pnﬂ. ~ 4 E n+l n+l
3-1/2 " By Py-1/2 (34)
where, in the gas region,
n . LS 1/2
Riy2=? T?-IIZ (1. -(f;lgj-IIZ)/Etot (35
and where
2 1 2
Y2 2C, %-1/2) ("Tuz Vi)
Fj-1/2
j- ( N 1/2 + V" 1!2) W&UZ)Z A(r )7
. (36)
+ x, ‘”‘zj 1/2 vy - 1/2 ?3 12! for V'l <
(vm-uz . vn 1/") mml/f ) ACr j
}' and
o+l
B(x
a2~ M o
J-1/2
f \
vith [l el Y2
A(fl”x) = (-r i 2 \) ror ™1 . Do/2 )
\ 2 Fi = j-1 o (Jv)
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2
ikl
. (ri * D°/2) for r?ti < Do/, and r?+1 > Dy/,y
2
and
a1 O [(§;+1)3 - (r;ti)Bl .
Br™ ) - ; for ty_) > D/, (39)
n+l.3 3 2
i 4wF ((fj, ) (Dolz) ) . IEE EE e+l a1 _ 22
3 2 5 rj-l) for Ty %73 and
D
n+l o
rj >'2—'

vhere Do is the gui. varrel diameter.
The solution is obtained by defining the origin as the center cf
the muzzle and supplying as initial data the velocity, pressure, den-

sity, and temperature of the propellant gas as a function of negative
n_ .n _ < O < <
distance from the muzzle, rJ z xJ Rtot for 0. ¢ Xj he Rtot and 1 =}

< Jpax 2t the time when the ghell reaches the muzzle. The numerical
integration uses Eqs. (18), (20), (21), (22), (23), and (24) for the
; > D,/,, vhere Eqs. (38) and (39) give the

appreopriate geometrical factors for the transition between the two

plane geometry region r

regions.

The initial conditions for the air outside the gun are obtained
by assuming standard temperature (T « .03 x 106 °K) and pressure
(?«9.5x 10" jcrk.ln3),

These calculations vere carried cut for the 5"/54 gun as a repre-

sentative case and one for which we have comparable experimental data.




RESULTS AND DISCUSSION

A survey of several dozen firings of the 5"/54 gun, as recorded
on lomn film taken at 96 frames/secé” shows flash and smoke character-
istics which are in good agreement wit' the general description given
earlier. The gas initially emerges into a full hemisphere (¢ = n/2, F
= 1/2), after about 10 milliseconds it emerges intc a cone of angle
0=n/3 (F=1/4), and afcer about 2C milliseconds it emerges into a
cone of angle Ox1/4 (F=1/8). After about 5" milliseconds the gas
is emerging straight forward, which it continues to do until it is
completely exhausted about 100 milliseconds later.

It the firings where there is no flash, the {nitially emitted
gas forms a large cloud of smoke roughly two meters long and two meters
wide which drifts away from the muzzle slowly, and through this is
shot the gas which emerges at a smaller angle and forms a second cloud
of smoke further dewnstream. In the firings where there is a flash
it is possible to see the dark region of expanding gas just outside
of the muzzle, ard then aboutr 1,-2, meters downstream the shkock forss
which initiates tie flash burn vithin the first 1 milliseconds. The
extent to which the flash spreads throughout the rest of the gas de-
pends quite a bit on the amount of flash suppressant i the gas. Sowme-
times the flash is only a small region of luminosizy which extinguishes
itself very soon, and sometimes the ilash consumes all of the gas and
is very bright, extending over several meters.

We have obtained by hydrodynamical sclutions for the gas and air
outside of the gun for the cases F=1/2 (& = =i2), B = /4 (0 = ~/)),
s F = 173 (0= -/4). To shov the formatisn of the shock, we have
Plotted gas temperature versus radius at a fixed time for each of the
three values 2f F (see Figure 6). Note ‘ow the gas cools very rapidly
as it comes cut ot the muzzle and then at a distance of 1.5 - 2. meters
the temperature rajises back up to its initial value as a compression
shock is formed. The unburned gas is then ignited and {lash resulzs,
Note that the location of the shock region does not change greatiy

with a change in F. The fact that the shock Aistance at 3 given time




-28-

o B T i ———
1, F-1/8 t- 2.62ms (cycle 800)

0.18 - 2, F-1/4 t 2.66ms (cycle 625) —
3. F-1/2 t- 26l ms (cycle 650)
4, F-1/2 t - 3.17 ms (cycle 800)

0.16 —
|
|

0.14 _

¥ 0.12
: 7
e
[P
«~ 0.10 _
Q
5
<
i |
o 0.08 ]
'—.

0.06 .

0.04 ]

0.02 -

P N S _ | 1 —
-1 0 ] 2

Rudius, r (m)

Fig. 6~-Temperature-radius profiles for 5'"/54 qun




-29-

is greater for smaller ¥ shows that the gas moves faster when confined
to a narrower cene, In addition to temperature, our calculations give
the gas pressure, density, velocity and internal energy as a function
of position and tima,

In Figure 7 we have plotted the gas pressure (assuming F = 1/2)
at a fixed distance from the muzzle (r = 2.m) versus time. Note the
sharp rise in pressure as the gas first arrives at 2.m and the gradual
decrease back to atmospheric pressure. This pressure-time history is

(32

in good agreement with corresponding experimental data,  “except the
experimental pressura curve usually drops somewhat below atmospheric
and then forms a second peak of roughly the same magnitude as %he
first about 10 to 15 milliseconds later, Based on our experimental
data, this second peak is due to the flash burning of the gas and it
does not occur if there is no flash. The fact that we do not reproduce
a second peak is probabi due to the fact we do not burn the gas in
the air properly, which would require knowledge of the exact chemical
composition the gas and its mixing process with air, Also there are
small instabilities in our numerical integration procedure, caused by
the transition from plane geometry to conical geometry, which became
larger with increasing time. These cause spuricus oscillations in the
pressure profile which would most likely obscure a second pressure peak
even if it was caused by our burning procedure.

In Figure 8 we have plotted peak pressure versus radius using our
calculations for the three angles @ = /2 (F = 1/2), @ = n/3 (F = 1/4),
and 0=m/4 (F = 1/8), along with the actual experimental data measured

(3

at these angles, Note that we have made the assumption that the
pressure at a given angle is obtained by using the value of F corres-
ponding to that angle in the numerical integration, We feel that this
is a rough approximation to the actual pressure distribution. Although
the calculated pressures are greater than the corresponding experimental
values by about 50%, they all lie on straight lines with almost the

same slope, thus correctly reproducing the adiabatic enpansion of the

gas as it moves away from the muzzle. The fact that we have had to

rely on separate calculations using different conical angles in order

O O O
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to simulate the angular dependence of the pressure points up a major
limitation in our one-dimensional conical calculations.

A final fact which comes out of our calculations is »hat the time
for the pressure peak to travel from a radius r = 2m to r = 5m is
roughly 6ms, which is in good agreement with the experimencally meas-
ured time.




|

IV. CONCLUSIONS

We have obtained a good quantitative model for the interior bal-
ligtics of large naval guns. Our results are limited by a number of
simplifying assumptions but they are valid within these limitations.
Our major improvement over previous treatments is the use of a more
realistic equation of state for the propellant gas. We have shown how
sensitive the interior ballistics are to a number of parameters. With
more detailed experimental data we improve these parameters somewhat
and also investigate the replacement of the various ideal assumptions
by the actual physical process.

The flash and smoke are much more difficult to model in detail.
Although our treatment accounts fairly well for the pressure distribu-
tion and shock reignition of the gas, we need a much better knowledge
of the mixing of the gas and air and the flash burning mechanism. A
number of the mathematical features of the hydrodynamics need to be
improved. The use of two-dimensional calculations is necessary to pro-
vide for the angular dependence of the pressure. Alternate methods of
treating the transition region between plane and conical geometry should
be studied in order to improve the stability and accuracy of the calcu-
lations in that region.

We have established the validity of our calculations for large
naval guns, but in order to show their general validity they should

be applied to a variety of other guns.




APPENDIX

A study of some gun barrel effects which have a small but finite
effect on the gas dynamics can be made by generalizing the lagrangian
equations of motion to include the effects of heat and mass transfer
due to ablation and gas turbulence processes during the interior hal-
listics.

The equations of motion are recast in an "almost-lLagrargian" form

which allows each of the zones to increase in mass as wall ablation

(21)

occurs, Following the derivations of Crowley, we obtain an equation

of continuity

9 1. .
v (-p

aV .
T +mS) (A-1)

3t m

where m is the mass flux (mass/area/time) and Sm is the surface area

[ per unit mass. The momentum equation becomes

Ju E .
35" (P+Q +n Sm (uw—u) - TS, (A-2)

where u, is the velocity of the mass entering a zone and T, is the

shearing stress at the wall. The energy equation becomes

%% = - (P + Q) %% +os [(u-uw)z/z +E, - E] (A-3)

+ 1S Iul + 1
wm

where the second term on the right hand side gives a rate of energy

addition associated with the mass addition and Ew is the specific in-

ternal energy of the mass entering a zone. The third term comes from
work done on a mass element by wall surface forces, and the fourth
term, ﬁ, is the rate at which heat is supplied to an element by turbu-

lent heat transfer.

The following expression for the mass flux i{s used:

CH(YPU)/(Y'I) Cu;u
* T E_+ n(PV+E)

m-

-—'T:“m
B/ (Pv4E;

(A-6)
q

where CH is the dimensionless coefficient of heat transfer (the Stanton
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number), Ev is the sum of the enthalpy per unit mass required to heat
the wall material to vaporization temperature, the specific heat of
fusion and the specific heat of vaporization, and n is the turuulent
transpiration coefficient. The source term, representing the heat lost

from a zone due to the turbulent ablation process, is written as

H=-gqg Sm - - CHo(PV+E)uSm (A-5)

The shearing stress can be written as

1 2 o2
L Cf o u = CH o u (A-6)

where Cf is the dimensionless coefficient of skin friction and CH = % Cf
by the Reynolds analogy.(ZI)
To obtain a numerical solution we now put Eqs. (A-1) to (A-6) in

difference equation form. Using

n n n 4 n n
s"’j-llz tD"(xj B xj—l) L, Vj-l/ZAmj-I/Z’ (A-7)
c oD un-l/2
oo .4 "3-1/2 74 (A-8)
j-1/2 +E /(P" VP +g° ) ’ {
UV 31127 51127312
ﬁn+l/2 . qn+]/2 n+l/2
R n A o _
=~ Gt Pya2¥y-172%E 2! (4-9)
n+l/2 _n+1f2
*u S .
: ®y.1/2
- ; 2
} on-l/2 1.1, e-lE o atli2y -1/ )
and v 3 Cet 3 Ghars * ey © (A-10)

and substituting into Eqs. (A-2; and (A-3) we obtain
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n+1/2 _ o-1/2 _it" . _on n-1/2 _ 0-i/2 _
uy = uy T Pisrsa = Byorpe ¥ Quaya ~ Qo) 01D
3
N (un—1/2 - ) l(ﬁn g" "
j 141/255-1/2"®5-1/25 j -1/2 (A-11)
n-1/2 1,.n
+ w 2(Smj+1/2 + Smn )
J j-1/2
(A-11)
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2C 2
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where we have set u = 0,
v (22)
We have followed Crowley and Glenn =~  {n evaluating the constants
for a steel shell moving down a steel barrel:

CH = 002, n= .2, Ew = 10 jerks/Mg, Ev = 12.5 jerks/Hg.

To test the sensitivity of our results to these values we have varied
CH and Eu, which have the most effect on the results.

Results show the maximum breech pressure, Pnax' lowerec less than
22 in all cases and the muzzle velocity, unuz' lowered by 1% for
CH = ,002, E, = 10 jerks/Mg; 2% for C“ = .004, E,6 = 10 jerks/Mg;
107 for CN = .02, E, = 10 jerks/Mg and 4% for Cﬁrt .002, Ew = 20 jerks/Mg
and raised by 2% for Cy =~ -002 and E =5 jerks/Mg. We thus hav~ ~hown
that the size of the ablation and turbulent heat transfer corrections

is small.




10.

11.

le.

-39~

REFERENCES

Siegal, A. E., "The Theory of High Speec Guns,' NATO AGARDograph-
91, U. S. Naval Ordnance Laborat:ry, Maryland, May, 1965.
Included is a list of 117 related references.

Corner, J., Theory of the Interior Ballistics of Guns, John Wiley
& Sons, Inc., New York, 1950.

Data on the guns studied was furnished by the U. S. Naval Weapons
Laboratory, Dahlgren, Virginia, with the kind assistance of
Dave Bowen, Charles Smith, Frank Kasdorf, and others, June,
1969. All of the data is recorded in NWL memos circa 1967-
1968.

Corner, J., pp. 135-136, 340-342, 400.

von Neumann, J. and R. D. Richtmyer, J. Appl. Phys. 21, 232 (1950).

Brode, H. L., J. aAppl. Phys. 26, 766 (1955).

Corner, J., p. 30.

Urbanski, T., Chemistry and Technology of Explosives, Clarendon
Press, Oxford, 1965, Vol. II, p. 316.

Taylor, J. and C. R. L. Hall, J. Phys. and Col . . -m. 51, 593
(1947).

Corner, J., pp. 140, 146, 423,

Tavlor, J., Detonation 1_n__C_gnQe_n_s_e_d_ _E}p.lgiiie;s. Clarendon Press,

xford, 1952.

Jones, H. and A. R. Miller, Prcc. Roval Soc. (London) 1944, 480
(1948).

Shear, R. E., "Detonation Properties cf Pentolite,” BRL Report
No. 1159, Aberdeen Proving Cr.-und, Marvland, lecember, 1961,
Table 6.

Miller, R. ©., "Estimating Caleric State Behavior {n Cendensed-
Phase Deteonattons,” from Detonation and iwo-Phase Flov, ed.
S. 5. Penner and F. A, Willtunms, Acadenic Press, “ew York,

192, oo K%,

Fickert, W., and w. W. Weod, Fhvs. Flulds I, 28 {(1uss),

Corner, 1., »op. 100-1i4.




19.

20.

21.

22.

~40-

Kamlet, M, J., aud S, J, Jacobs, J. Chem. Phys., 8, 30 (1968).

Tor a detoiled and complete description of the numerical integra-
tion procedure refer to H, L, Brode, W. Asano, M, Plemmons,
L, Scantlin, and A, Stevenson, "A Program for Calculating
Radiation Flow and Hydrodynamic Motion," The RAND Corpora-
tion, RM-5187-PR, April, 1967.

Corner, J., pp. 143-144,

Engineering Design Handbook, U. S, Army Material Command, Febru-
ary, 1965, Sectiou 5-3.

Crowley, B.K., J. of Comp. Phys. 2, 61 (1967).

Crowley, B.K., and H.D. Glenn, "Numerical Simulation of a High-
Energy (Mach 120 to 40) Air-Shock Experiment,' Rept.
UCRL-71470 (1969).




DOCUMENT CONTROL DATA

. ORIGINATING ACTIVITY 2a. REPORT SECURITY CLASSIFICATICS

UNCLASSIFIED

THE RAND CORPORATION 2b. GROUP

3. REPORT TITLE
INTERIOR BALLISTICS AND GUN FLASH AND SMOKE

4, AUTHOR(S) (Last name, first name, initial)
Brode, H. L., Enstrom, J. E.

% ok RO WIRR UL o o B LABIRITRE o a2

interior ballistics (charge burning, pro-
pellant gas expansion and shell accelera-
tion) and the nature of the gas expansion
and air shock beyond the muzzle. Solu-
tions are accomplished by a numerical pro-
gram which integrates the partial differ-
ential equations appropriate to the gas
dynamics in one space dimension. The
equations of state for the gas and air are
treated in some detail, as is the nature
of the charge burn, the barrel friction,’
and the shell inertia. The dynamics of
the partially burned charge gases which
sometimes flash burn after ejection from
the muzzle are treated with the limits of
expansion into various conical geometries.
Comparisons are made with observations of
both the interior ballistics and of the
smoke, flash, and blast from the exhaust.

5. REPORT DATE 6a. TOTAL NO. OF PAGES 6b. NO. OF REFS.
October 1969 47 22
7. CONTRACT OR GRANT NO. 8. ORIGINATOR'S REPORT NO.
F44620-67-C-0045 ___RM=6127-PR
9a. AVA!LABILITY/LIMITATION NOTICES 9b. SPONSORING AGENCY
United States Air Force
ppe-1 Project RAND
i0. ABSTRACT it, KEY WORDS
An investigation of the g s dynamics of Ordnance
various large naval guns, including the Artillery

Gas dynamics

Numerical methods and processes
Detection

Radar




